Abstract-This paper presents a comparative study of among one Multi Scale filter (wavelet), nine single scale spatial adaptive filters (viz., Frost, Enhanced Frost, Median, Lee, Enhanced Lee, Kuan, Gamma Map, Wiener, Homomorphic speckle filters) and two Diffusion filters (viz., Speckle Reduction Anisotropic Diffusion (SRAD), Perona Malik Anistropic Diffusion (PMAD)) that are widely used for speckle noise reduction in biomedical ultrasound B-Scan images. The main objective of this study is to identify the efficient and optimum speckle filter in terms of preserving the edge details of the images with effective denoising. The performance of the filters are best estimated by calculating twenty-one established performance metrics along with execution time in order to determine the effective and optimum-despeckling algorithm for real time implementation. To do this, we have developed a cumulative speckle reduction (CSR) algorithm in the MATLAB environment, which performs all despeckle filtering functions as well as performance metrics calculation in a single trial. In the case of diffusion filter implementation, provision is given to execute the diffusion filter for several trials to identify the best iteration in terms of denoising the speckle and preserving the diagnostic information found in the B-scan images. The algorithm has been experimented with more than 200 digital ultrasound B-scan images of kidney, abdomen, liver and choroids. Based on the visual inspection of the despeckled images and the calculation of the performance metrics, it is found that SRAD and Wavelet despeckling filters are exhibiting fairly well performance over the other standard spatial filters. 
I. INTRODUCTION
Medical ultrasound B-scan imaging has been used for effective diagnostics of diseases over the past decades due to its noninvasive, harmless, portable, accurate and costeffective characteristics [1] [2] [3] [4] [5] . Unfortunately, Ultrasound images are degraded by an intrinsic artifact called speckle, which is the result of the constructive and destructive coherent summation of ultrasound echoes. Especially, speckle noise occurs in the images of soft organs such as liver and kidney whose underlying structures are too small to be resolved by the large ultrasound wavelength. Several techniques have been developed to suppress the speckle and found in the literature describing the properties [6] [7] [8] modeling, analysis and filtering [9] [10] [11] [12] [13] [14] of speckle noise in ultrasound images. This paper focuses on the speckle reduction techniques in ultrasound B-scan images. Several models of speckle noise have been proposed to perfect the despeckling filters, of which we have considered the following mathematical model [15] given in equation 1 for the analysis of speckle noise. 
II. SPECKLE FILTERING TECHNIQUES
Over the years, several techniques have been proposed to despeckle ultrasound images [16] . There are two major classifications of speckle reduction filters viz., compounding method and post acquisition method [17] . Compounding method can improve the target detectability but they suffer from degradation of spatial resolution and increased system complexity due to hardware modification. On the other hand, post acquisition methods include single scale spatial adaptive filtering methods and multiscale methods do not require any hardware modification, but improve the image details and reduce the speckle noise considerably through algorithm implementation. This paper presents the performance of the spatial adaptive filtering methods, anisotropic diffusion filtering methods and multiscale wavelet method in removing the speckle noise and preserving the diagnostics information in ultrasound B-scan images.
A. Single Scale Spatial Adaptive Filtering
Single scale spatial adaptive filter is based on the ratio of local statistics, which improves smoothing in homogenous regions of the B-scan images where speckle is fully developed and reduces appreciably in the other regions of the image in order to preserve the useful details of the image [17] . Spatial filters like Lee, and Kuan filter were the earliest filters working directly on the intensity of the image using local statistics [12] [13] [14] . Also, computation of local statistics, region growing procedure and application of smoothening operator are the three main steps involved in the implementation of single scale spatial adaptive speckle filtering [9] . This section describes the brief definition and mathematical description of the single scale spatial adaptive 
1) Frost filter:
The Frost filter is an adaptive and exponentially weighted averaging filter based on the coefficient of variation, which is the ratio of the local standard deviation to the local mean of the degraded image [18] . It replaces the pixel of interest with a weighted sum of the values within the moving kernel and the weighting factors decrease with distance and increase with the increase in variance of the kernel. The resulting filter after some simplifications is given in equation 2. where k is a constant controlling the damping rate of the impulse response function, and ( , ) x y ′ ′ denotes the pixel to be filtered. It is seen that when the variation coefficient C I ( , )
x y ′ ′ is small, the filter behaves like an Low Pass filter smoothing out the speckles, and when C I ( , )
x y ′ ′ is large it has a tendency to preserve the original observed image.
2) Lee and Kuan filter: The Lee [12, 13] and Kuan [14] filter are based on the minimum mean square error (MMSE), which produce the speckle free image governed by the relationship given in equation 3 [19] .
where I′ is the mean value of the intensity within the filter window, and W(x,y) is the adaptive filter coefficient calculated using the following formula. 
where C I is the coefficient of variation of the noised image and C B is the coefficient of variation of the noise. In general, the value of W(x,y) approaches zero in uniform areas, i.e., it approaches unity at edges which results in little modification of pixel values near edges.
3) Enhanced Frost and Enhanced Lee filter:
According to Lopes et al, the ultrasound B-Scan images can be divided into the three classes based on the variation coefficients, C B and C I [18, 20] . The first class corresponds to the homogeneous areas in which the speckles may be eliminated simply by applying a Low Pass filter. The second class corresponds to the heterogeneous areas in which the speckles are to be reduced while preserving texture. And the third class includes areas containing isolated point targets, which should preserve the observed value. Based on the above considerations, the modified form of the Frost and the Lee filter functions are evaluated and are given in equations 6 and 8.
a) Enhanced Frost Filter:
kfunc C x y x y I W x y e ′ ′ − = (6) where
is a hyperbolic function of ( , ) C x y I ′ ′ defined as follows: 
Lopes et al also demonstrated that these modified filters are forced to achieve average value and observed value for the homogenous and isolated point target classes respectively, without filtering, in comparison with the original filters. Between these two extremes, the heterogeneous class exists, for which the modified filters have the similar forms as the original filters, but the filter responses are exaggerated due to the introduction of a hyperbolic function, which satisfied the condition that the more heterogeneous area is less smoothed [20] .
4) Median filter:
The median filter [21] is a spatial nonlinear filter which removes pulse or spike noise by replacing the middle pixel value in the window with the median value of its neighbors in the window.
5) Gamma Map filter:
Kuan et al [14] proposed a speckle reduction filter based on the application of maximum a posteriori (MAP) approach, which required the a priori knowledge of the probability density function (PDF) of the image. Lopes et al [20] modified the Kuan MAP filter by assuming a gamma distributed image and setting up two thresholds, since Kuan MAP filter assumed a Gaussian distribution for image reflectivity, which results in negative reflectivity. The Gamma MAP filter is given by the equation 9.
( , )
Where L is the Number of Looks, 
6) Wiener filter:
Wiener filtering is a method [15, 22] of restoring images in the presence of blur as well as noise. Wiener filter performs smoothing of the image based on the computation of local image variance. When the local variance of the image is large, the smoothing is little. On the other hand, if the variance is small, the smoothing will be better. This approach often produces better quality results than linear filtering, since the Wiener filtering is adaptive, more selective than a comparable linear filter. It preserves edges and other high-frequency information of the image, but requires more computation time than linear filtering.
7) Homomorphic Filtering: Homomorphic filtering performs image enhancement by applying the filter function and inverse FFT on the logarithmic compressed image [23] . The filter function H(u,v), may be constructed using either the band-pass or the high-boost Butter worth filter. In this study, the high-boost Butterworth technique has been employed and is given in equation 10
where D 0 is the cut of frequency of the filter, δ L is the low frequency gain, δ H is the high frequency gain, u and v are the spatial coordinates of the frequency transformed image and N is the dimensions of the image in the u and v space.
B. Multi scale Filtering:
Mallat invented the Multiscale analysis concept for image processing applications, which can be viewed as a successive approximation or successive refinement of a signal and is closely related with the wavelet transform [24] [25] [26] . From the signal 
This decomposition is equivalent to passing the signal ( ) 2 f x j through a pair of low pass and high pass filters ( ) 0 h n and ( ) 1 h n , followed by the sub sampling with a factor two.
Separable 2D Discrete Wavelet Transform (DWT): The wavelet transform can be generalized to any dimension. In the particular case of separable multiscale approximation, the two dimensional scaling function Φ(x,y) can be expressed as the product of two one dimension scaling
and the 2D Wavelet function can be expressed as separable product of scale function φ and wavelet function ψ as;
The corresponding filter equations to implement 2D DWT are:
Where the subscripts L and H denote the low pass and high pass filter characteristic in the horizontal (k) and vertical direction (v), receptively. The Multiscale analysis of the ultrasound image can be explained based on the wavelet decomposition [11] described in this section. The main aim of this method is to improve the ultrasound image quality of subjective visualization. The multiscale analysis of wavelet based speckle reduction process usually include (1) logarithmic transformation (2) Discrete wavelet transformation (3-level decompositions) (3) Thresholding the wavelet coefficients (Threshold may be universal or sub band adaptive) (4) inverse discrete wavelet transform and (5) exponential transformation. The schematic block diagram of the multiscale analysis of speckle reduction method and the results of the sub-band images of the 2D-Wavelet transform are shown in fig.1 and fig.2 , respectively. 
C. Diffusion Filtering
Diffusion filters may be applied directly on the image for removing the speckle noise by solving partial differential equation. An Anisotropic diffusion performs contrast enhancement and noise reduction without requiring the power spectrum information of the image [20] . In this work, two diffusion filters have been attempted and their descriptions are given here.
1) SRAD filter:
Speckle Reducing Anisotropic Diffusion (SRAD) [27] filter eliminates speckle without distorting and destroying useful image information and important image edges [28] , respectively. The SRAD exploits the instantaneous coefficient variation in reducing the speckle.
2) Anistropic Diffusion filter: In this study, Perona and Malik [29] [30] [31] Anistropic Diffusion (PMAD) method based on the nonlinear partial differential equation (PDE) is used and its mathematical functions are given in equation 17 and 18. ( )
where ∇ is the gradient operator, the 'div' divergence operator, denotes the magnitude, c(x) is the diffusion coefficient, and I 0 the initial image. They suggested two diffusion coefficients, which are given in equations 19 and 20.
and
where k is an edge magnitude parameter. In this method, the image edge or boundary can be detected using gradient magnitude. A discrete form of the equation (17) 
III. PARAMETERS/METRICS FOR ANALYZING DESPECKLE FILTER PERFORMANCE
To quantify the performance of the Despeckle filter algorithm in terms of the efficiency of speckle noise reduction and enhancing the useful image information, the following established performance metrics found in the literatures [27] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] are calculated in this study and their mathematical expression, significance, etc are given in Table I   TABLE I PERFORMANCE METRICS AND THEIR MATHEMATICAL DEFINITIONS  Performance Metrics Mathematical Expression Purpose Average Difference (AD)
Measures the average difference value between a particular pixel in the original and denoised images
Quantify the amount of despeckling between the original and denoised images
Measure of square root of the squared error averaged over an pixel window Peak Signal to Noise Ratio (PSNR) 2 (2 1) 255 10 log 10 log 10 10
Provides the quality of the image in terms of the power of the original and denoised images.
Measure of the difference between the original and denoised images Normalized Absolute Error (NAE)
Measures the error prediction accuracy of the image 
Measure of similarity between the original and denoised images
Indicates the strength and direction of linear relationship between the original and denoised images
Image Quality Index (IQI)
Represents the degree of distortion of the image in terms of loss of correlation, luminance distortion and contrast distortion. Distortion is less when IQI is equal to unity. Image
Contrast to Noise
Determines the contents of the speckle in the image. A lower variance gives a smoother image.
Finds the content of the speckle noise in the image. Small NSD value represents a clear image. 
Measure the information between the original and the despeckled image 
MSSIM and SSIM are used to compare luminance, contrast and structure between the original and denoised images. The MSSIM value should be closer to unity for optimal measure of similarity.
IV. IMPLEMENTATION OF DESPECKLE ALGORITHM AND RESULTS
In this study, the cumulative speckle reduction (CSR) algorithm comprising of nine traditional single scale spatial adaptive filters, one Multiscale filter, two diffusion filters of different iteration levels, and twenty one qualitative metrics estimation, has been developed in the MATLAB7.1 environment. More than 200 digital ultrasound B-scan images of organs like kidney, choroids, abdomen and liver were obtained for several cases from the GE healthcare ultrasound machine (Model: VIVID7). The CSR algorithm was tested in all the 200 digital B-scan images, which provided the despeckle output images of the nine spatial filters, one multiscale filter in a single iteration with the despeckle output images of two diffusion filters (SRAD and PMAD) of different iterations, and twenty one performance metrics with execution time calculation in a single trial. Due to space limitation, the original and despeckled B-scan images outputs of all the twelve filters and their respective SSIM image outputs of the kidney are given in fig.3 and  fig.4 , respectively. The graphical representation of the performance metrics of all the filters with their execution time are given in the fig.5 . Further, the various performance metrics calculated for the standard and multiscale filter are given in Table II . PMAD filter in B-scan images enhances the speckle noise rather than suppressing it. The parameters like PSNR, SC, NCC, IV clearly depicts that the PMAD filter is not an efficient filter for the ultrasound images. Also, the image quality index Q and SSIM decreases as the iteration value increases which shows that the image is distorted rather than enhanced to a great extend. 10. The SRAD suppresses the speckle noise to a great extend. The performance metrics AD, MSE, RMSE, MD, NAE, SC, ASNR, and NSD increases as the iteration value increases. Conversly, the values of PSNR, CoC, NCC, Q, SI, IV, ENL, and MSSIM decreases as the iteration increases. The values of the SNR, NMSE, CNR increases when the iteration value increases. The value of the FoM increases when the value of the iteration decreases. As the iteration value in SRAD increases, the speckle noise decreases. But, it should be noted that this also blurs the image. So, the optimum values of iteration found in this study is in the range of 2-9. Thus, all the spatial and diffusion filter performance were compared and tested experimentally for various digital ultrasound B-scan images interms of performance metrics. From the filtered output images and the performance metrics it has been verified that the SRAD filtering approach is performing better than the traditional spatial filters and is an optimal filtering approach for speckle reduction from B-scan ultrasound images. 11. Finally, the Wavelet filter performs little bit equal performance to the SRAD filter, since the performance metric values are as close to the SRAD filter.
V. CONCLUSION
In this paper, we have developed a cumulative speckle reduction (CSR) algorithm for nine spatial, one multiscale, two diffusion type filters, and twenty one performance metrics with execution time calculation for the estimation of the optimum despeckle filter for real-time application. The algorithm was developed in MATLAB 7.1 and tested in more than 200 ultrasound B-scan images of four different organs viz liver, abdomen, choroids kidney and Liver. In all these images, the algorithm performs well and produces performance-measuring metrics in terms of the image content within the limited range, consistently. Further, the algorithm generates all the twelve filter outputs as well as twenty one performance metrics in single/multiple iterations in a single trial. Based on the results obtained and the visual inspection of the despeckled ultrasound B-scan image outputs, we conclude that the SRAD and multiscale wavelet filter exhibits a highly efficient speckle noise reduction with the ability to preserve and even enhance the edges of the images in comparison with the other standard single scale spatial adaptive filters. Moreover, the SRAD filter and wavelet filter are able to generate B-scan images with better quality for feature extraction and excels over the traditional filters in terms of speckle reduction, edge preservation and image clarity. 
